For many modern polymeric materials applications, nanometer scale phase and chemical structural features determine the key macroscopic material properties. To accelerate development of such materials, tools sensitive to nanometer scale structural information as well as to the chemical composition on the same length scale are needed. Such analytical techniques need to be sensitive to both the structural relationships between different phases and the chemical make-up or bonding of the different phases, and thus to interrelationships between chemistry, structure, and properties. Probes of polymer structure that are currently extensively used include small-angle scattering and various microscopy techniques in which the probe particle/wave can be x-rays (1, 2, 3) , neutrons (4, 5) , visible or infrared light, electrons, or, in scanning probe microscopy, intermolecular forces, thermal, or magnetic properties (6) . Small-angle scattering with hard x-rays (SAXS) or neutrons (SANS) provides ensemble-averaged information in reciprocal space whereas the microscopy techniques produce real space images of local structure.
One continuing challenge facing polymer characterization is determining heterogeneous chemical structure at the smallest spatial scale possible. Chemistry is typically resolved with various spectroscopies, such as infrared absorption (IR) or nuclear magnetic resonance (NMR) having spatial resolution of several microns or larger, respectively.
Although not as chemically specific as IR or NMR, near-edge x-ray absorption fine structure spectroscopy (NEXAFS) at the carbon K edge has emerged as a powerful polymer spectroscopy because its' sensitivity to empty valence electronic orbitals provides unique fingerprints of carbon bonding in polymer and organic molecules generally (7, 8) . NEXAFS has been combined with scanning transmission x-ray microscopy (STXM) providing analytical capability, yielding chemical sensitivity and spatial resolution down to 30 nm (7, 9) not available with any other microscopy technique.
Here we show that this chemical sensitivity of NEXAFS is readily extended to resonant soft x-ray scattering measurements at the carbon K edge to complement x-ray microscopy and both SAXS and SANS techniques in important ways. We demonstrate the 2 spectral selectivity of x-ray scattering to carbon bonding using two types of wellcharacterized latex spheres having different polymer phase and different sizes. We then apply this bond-sensitivity to follow processing changes in porous polymer films designed for dielectric (insulating) applications in semiconductor chips, where new insight is gained regarding the factors that control the minimum pore size in the films.
Chemical bond sensitivity is a natural consequence of resonant, or anomalous, scattering effects at atomic core levels. Anomalous scattering has been extensively used in the hard x-ray spectral range to tune the strength and phase of scattering from specific elements to resolve the phase problem in crystallography (10) and separate pair distribution functions in binary systems (11) , and to enhance magnetic scattering (12) . In the soft x-ray range resonant scattering has been used up to now in hard condensed matter to enhance magnetic (13) and charge (14) scattering, and to study charge, orbital, and spin ordering in complex oxides (15). While these resonant scattering effects are known to depend on the density of states near the Fermi or vacuum level, and hence on the chemical bonding of the resonant species, the natural width of hard x-ray resonances generally precludes bond-specific selectivity. By contrast, the sharp natural line widths of soft x-ray dipole transitions means that subtle changes in chemical bonding can clearly be resolved in resonant absorption and scattering spectra at the edges of most interest for polymer characterization (C, O and N K edges).
The sensitivity of x-ray scattering to chemically specific spectral signatures is demonstrated in Figure 1 in the C K edge absorption spectra of polystyrene (PS) and a polyacrylate (PA) copolymer of methylmethacrylate and methylacrylate. The largest peak in the PS absorption spectrum occurs at 285.2 eV and is attributable to an electronic excitation from the C 1s atomic orbital to a π* C = C molecular orbital (8) . The energy of this transition in PS is well below the energy at which the C K edge absorption for the acrylate polymer begins (~287 eV). The strongest absorption peak for PA occurs at 288.5 eV (C 1s → π* C = O (8)). The energy dependence of the x-ray scattering is calculated from the absorption spectra (16) for both polymers and also shown in Figure 1 . The scattering spectra are similar to the absorption spectra with peaks at the same energies, but the measured scattering spectra contain refractive as well as absorptive contributions that somewhat broaden the scattering peaks relative to the absorption peaks. The effect of absorption can readily be seen by the low energy shoulder in the π* peak for the measured PA spectrum relative to the calculated spectrum in which absorption of the scattered radiation was not included. The PS spheres were small enough relative to the absorption length that the effect is unnoticeable, except, perhaps in the lower relative intensity of the π* peak in the measured spectrum. Tuning to the low energy side of strong absorption peaks can yield significantly enhanced resonant scattering for thicker samples, while avoiding the strongest absorption at the top of π* absorption peaks and minimizing radiation damage.
For the scattering experiments, the latex spheres of PS and PA were deposited, alone or mixed, onto 100 nm thick, x-ray semi-transparent, Si 3 N 4 membranes (17) While the above measurements demonstrate that C K edge resonant scattering allows bonding and hence polymer phase identification much like NEXAFS in well-characterized samples, we turn next to less well characterized heterogeneous films having structural questions that were unresolved using previously existing techniques. These films involve two polymer phases having very similar elemental composition and densities yielding insufficient scattering contrast for SAXS measurements. Their NEXAFS spectra, however, are sufficiently different so that resonant scattering enabled measurements to analyze processing dependent structural changes in the formation of porous polymer films. Here we focus on porous polymer films for a specific application, but the new approach is relevant to a much broader class of porous polymer films produced by templating approaches, and to multiphase polymer films generally.
As feature sizes of integrated circuits shrink, it becomes important to minimize the dielectric constant (k) for the materials used as insulating films between on-chip signal paths or interconnects, to control power dissipation, limit cross-talk between signal paths and increase device speed (19) . One method to produce materials with lower k is to incorporate air (k = 1.0) into the film (19) . This can be accomplished for spin-on polymer materials by a templating process in which porogen phase polymer particles are imbedded in a thermoset polymer matrix and subsequently removed after the matrix has been cured (20) . SAXS is a
well-established method to analyze pore size and loading after removal of the porogen (21).
However, to understand the pore formation process, in particular to compare the resulting pore size with the original porogen size, it is essential to analyze the films with the porogen in place before or during processing. In the materials of interest here, porous polymers based on Dow's SiLK* family of interlayer dielectric resin based on polyphenylene (22), the porogen and matrix densities are nearly identical and SAXS (or even electron microscopy) provided no contrast or signal until the porogen was removed. While one can study these sorts of systems with SANS, this requires deuterating at least one of the polymer phases to provide contrast (23).
The carbon K NEXAFS spectra of the dense, uncured matrix and the porogen phases are seen in Figure 3a to be nearly identical. Small, subtle differences in absorption do occur in the π* resonance (the first most intense peak at 285 eV) and at about 286.5 eV. Because scattering in a porogen loaded matrix film results from the difference in optical properties, these subtle differences in absorption provided adequate scattering contrast and signal-tonoise. Figure 3b shows an hν scan at a fixed 2θ = 4º (q ≅ 0.1 nm -1 ), which was used to determine the optimum photon energy. The strongest peak in the scattering spectrum at 284.3 eV was used for the q scans in Figure 4 , and is below the π* absorption peaks both because refractive scattering contrast is strong and overall absorption of the scattered radiation is minimized at that energy.
The goal of the scattering measurements was to understand the mechanisms that limit the size and loading of pores into the final films. In this application one wants to minimize the pore size and maximize the pore loading to produce the lowest dielectric constant.
Several potentially complicating issues in the templating process which could affect the size 6 and maximum loading of pores include swelling or agglomeration of the porogen phase in the solvent prior to introduction into the matrix, agglomeration or inadequate dispersion of the porogen in the matrix, and collapse or coalescence of resulting pores. By comparing structural attributes of the porogen particles in thin matrix films prior to their removal with the resulting pores we can gauge the importance of some of these issues.
Systematic studies investigated sets of films having three different sized porogen particles in matrices of an experimental resin. For each size, films in three processing stages were studied; as spun, after heating to 150°C to remove any trapped solvent, and after porogen removal. The two larger porogens had loadings of 20 weight percent while the smallest was added at 30% loading.
The most significant findings are seen in the comparison of the as spun films with porogen present and the end-point porous films in Figure 4 . Heating to remove solvent appeared to have no effect on the porogen particle size. The results for the two larger For the smallest porogen, however, R increased from 4 nm for the porogen to 5.8 nm for the pores. If solvent swelling of the porogen were an issue leading to the increase in pore size, it should be at least as severe with larger porogen particles and it might be expected to affect the size after the heating step. This is not observed, leaving pore collapse or coalescence during or after porogen removal as mechanisms to explain the increase in R. We can rule out agglomeration of porogen particles in the film because their size in the as-spun films determined by resonant scattering is consistent with their designed size.
Pore collapse is a function of the rigidity of the matrix -below some size limit the polymer matrix will not be rigid enough to maintain hollow pores. Coalescence of the smallest pores into larger pores to minimize surface energy is a separate but related mechanism that could account for increasing R that would also require compliance of the matrix phase, and additionally, diffusion of pores in the matrix. Comparing the dielectric properties of the processed porous films with calculations based on expected pore volume is consistent with a loss of pore volume for the smallest porogen films, supporting pore collapse in which free volume is lost to the surface, but not volume preserving coalescence. Thus we conclude that pore collapse best explains the increase in R in the smallest porogen samples, and that 5.8 nm is a reasonable experimental determination of the minimum pore size that this porogen/matrix system can support under the processing conditions used. Evidently more rigidity in the matrix is required to produce smaller pores (24) .
This extension of scattering techniques to the carbon K edge, and other relevant absorption edges (e.g., nitrogen and oxygen) in the soft x-ray spectral range, combines several novel aspects that suggest it will become a powerful analytical tool for soft matter. Compared to SAXS, λ is ~ 10 times larger for soft x-rays so that specific structural features are found at much higher angles. This considerably eases angular resolution constraints and extends the low q limit correspondingly. Samples need not be deuterated as in SANS. Compared to soft x-ray microscopy, scattering offers higher spatial resolution because of its higher effective numerical aperture. For the porous polymer films studied here, neither SAXS, STXM at the C edge, AFM, or TEM were sensitive to the size of the porogen phase within the matrix.
Only with this additional resonant sensitivity could we follow the fidelity of the porogen 
